Shiga toxin 1 (Stx1) and Stx2 produced by Escherichia coli O157 are known to be cytotoxic to Vero and HeLa cells by inhibiting protein synthesis and by inducing apoptosis. In the present study, we have demonstrated that 10 ng/ml Stx2 induced DNA fragmentation in human brain microvascular endothelial cells (HBMEC), with cleavage activation of caspase-3, -6, -8, and -9. A microarray approach used to search for apoptotic potential signals in response to Stx2 revealed that Stx2 treatment induced a marked upregulation of C/EBP homologous protein (CHOP)/growth arrest and DNA damage-inducible protein 153 (GADD153). Increased CHOP expression was dependent on enzymatically active Stx1. Knockdown of CHOP mRNA reduced the activation of caspase-3 and prevented apoptotic cell death. These results suggest that Stx2-induced apoptosis is mediated by CHOP in HBMEC and involves activation of both the intrinsic and extrinsic pathways of apoptosis.
Shiga toxin 1 (Stx1) and Stx2 produced by Escherichia coli O157 are known to be cytotoxic to Vero and HeLa cells by inhibiting protein synthesis and by inducing apoptosis. In the present study, we have demonstrated that 10 ng/ml Stx2 induced DNA fragmentation in human brain microvascular endothelial cells (HBMEC), with cleavage activation of caspase-3, -6, -8, and -9. A microarray approach used to search for apoptotic potential signals in response to Stx2 revealed that Stx2 treatment induced a marked upregulation of C/EBP homologous protein (CHOP)/growth arrest and DNA damage-inducible protein 153 (GADD153). Increased CHOP expression was dependent on enzymatically active Stx1. Knockdown of CHOP mRNA reduced the activation of caspase-3 and prevented apoptotic cell death. These results suggest that Stx2-induced apoptosis is mediated by CHOP in HBMEC and involves activation of both the intrinsic and extrinsic pathways of apoptosis.
In 1996, outbreaks of Shiga toxin (Stx)-producing Escherichia coli (STEC) infection occurred in Japan. In Sakai City, Japan, approximately 8,000 people were diagnosed with STEC infection and many developed hemolytic-uremic syndrome and central nervous system (CNS) complications (12, 28) . CNS dysfunction is an important predictive factor for hemolyticuremic syndrome and mortality in children (37, 38, 43) . In 1994, we established a mouse model of STEC-induced CNS disorder by oral infection of Stx2c-producing E. coli. The model showed that STEC was associated with damage to capillary endothelial cells and nerve fibers of the brain cortex and spinal cord (10) . We also reported that Stx2-injected rabbits developed brain edema, which indicated deterioration of the blood-brain barrier and the dysfunction of the brain microvascular endothelial cells (9) .
The Stx family of toxins, including Stx1 and Stx2, comprise 1A and 5B subunit proteins (32) . The A subunit has an Nglycosidase activity that removes adenine 4324 of 28S RNA of the 60S ribosomal subunit (6) , rendering ribosomes inactive for protein synthesis (33) . Each B subunit binds (with high affinity) to the glycosphingolipid globotriaosyl ceramide Gb 3 (CD77), which is present in specific host/mammalian cells (21, 22) . CD77 antigen is also a marker for B-cell Burkitt's lymphoma (31, 44) . Stx-mediated apoptosis in Burkitt's lymphoma may utilize the extrinsic pathway of Fas-or tumor necrosis factor alpha (TNF-␣)-mediated apoptosis. However, there is no direct evidence of the association of Gb 3 with the death domain. Nonetheless, Stx-induced apoptosis has been reported in cell types such as Vero cells (14) , human renal proximal tubular epithelial cells (17, 18) , human renal cortical epithelial cells (16) , lung epithelial cells (42) , and astrocytoma cells (1) . It has been well demonstrated that Gb 3 was upregulated with TNF-␣ and interleukin-1␤ (IL-1␤) (24) .
Caspase activation is important in the process of apoptosis. Caspases are present as inactive proenzymes, most of which are activated by proteolytic cleavage at specific aspartic acid sites. Representing the extrinsic pathway of apoptosis, caspase-8 is activated in response to extracellular apoptosisinducing ligands in a complex of the receptors and cytoplasmic death domain proteins (2) . In the intrinsic pathway of apoptosis, caspase-9 is activated in response to the release of cytochrome c from the mitochondria (23) and caspase-9 is activated when complexed with extramitochondrial cytochrome c, dATP, and an apoptotic protease-activating factor (Apaf-1) (20) . It is known that apoptosis in P3HR1 cells induced by the anti-CD77 monoclonal antibody is caspase independent and involves only the intrinsic pathway (41) . It was also reported that Stx1-and Stx2-mediated apoptosis in HEp-2 cells is associated with the intrinsic pathway (15) . We reported that Stx1 induction of apoptosis in HeLa cells requires caspase-6, -8, and -9 within 4 h, followed by activation of caspase-3, which leads to fragmentation of nuclear DNA (11) . However, the mechanism of initiation of the apoptotic pathway induced by Stxs is still unknown.
The endoplasmic reticulum (ER) stress response is a signaling mechanism for the impairment of unfolded or misfolded proteins in ER and induces the activation of caspase-12 and c-Jun NH 2 -terminal kinase and also induces C/EBP homolo-gous protein (CHOP) (49) . In mice, caspase-12 appears to be localized to the ER and is activated in response to stimuli, such as ER stress inducer tunicamycin, and releases of ER Ca 2ϩ stores, which leads to apoptosis. Expression of CHOP is regulated at the transcriptional level after ER stress, essentially by the RNA-dependent protein kinase-like endoplasmic reticulum kinase (PERK)/eukaryotic initiation factor 2␣ (eIF-2␣) signaling pathway (35) . Ergonul et al. showed that the combination of TNF-␣ and Stx1 caused apoptosis with phosphatidylserine (PS) exposure and DNA fragmentation in human brain microvascular endothelial cells (HBMEC) (7) .
In the present report, HBMEC isolated from 4-to 7-yearold children were constitutively sensitive to Stx2. Using this cell line, we report here that Stx2 causes apoptosis via a CHOPmediated signaling pathway and that this process may be important in the pathophysiological response of humans to Stx2 bacterial toxin.
to the plates at the concentration of 0.1 to 1,000 ng/ml. Eighteen hours later, cytotoxicity was measured by a neutral red assay.
Detection of Gb 3 in HBMEC by TLC/Stx1 overlay assay. Thin-layer chromatography (TLC) with a Stx1 overlay assay was carried out as previously described (46) . Duplicate TLC plates were prepared by loading 1, 0.5, or 0.25 nmol each of a glycolipid standard mixture consisting of glucosylceramide, lactosylceramide, Gb 3 (Matreya, Inc., PA), and also extracts from HBMEC, RPTEC, and THP-1 cells (10 6 cells). The plates were exposed to an ascending solvent system of chloroform-methanol-water (60:36:8) and allowed to air dry for 30 min in a fume hood. The plate was used for Gb 3 detection by a Stx1 overlay assay as follows. The plate was immersed in 0.6% gelatin in warm water, incubated with gentle shaking overnight at 37°C, washed with TBS (50 mM Tris-HCl, 150 mM NaCl, pH 7.4), incubated with purified Stx1 (0.1 g/ml in TBS), washed twice with TBS, reacted with monoclonal anti-Stx1 PH1 (1 g/ml in TBS), and then reacted with goat anti-mouse immunoglobulin G-horseradish peroxidase conjugate (diluted 1/2,000 in TBS).
Flow cytometric analysis for determination of apoptotic HBMEC. At 0, 6, 12, 18, and 24 h after addition of Stx2 (10 ng/ml), the cells were harvested by centrifugation at 200 ϫ g for 10 min, washed twice in phosphate-buffered saline (PBS), and resuspended in binding buffer. For extracellularly exposed PS detection, annexin V-EGFP (4 mg/ml) was employed, and for detection of nuclear membrane disruption, propidium iodide (PI; 2.5 mg/ml) was utilized. The reagents were added to the cells, and cells were incubated at room temperature in the dark. After addition of 500 l of binding buffer, the cells were analyzed by a FACScan cytometer (Becton Dickinson, San Jose, CA) equipped with a 488-nm argon laser (FL1) and a 568-nm argon-krypton laser (FL2). For detection of another apoptotic marker, the reduction of mitochondrial membrane potential, JC-1 dye was used in flow cytometry. Cells (5 ϫ 10 5 ) were resuspended in 1 ml medium containing 100 g JC-1 and incubated at 37°C for 10 min. The cells were washed twice in cold PBS, and samples were analyzed by the FACScan. JC-1 fluorescence was analyzed on the FL1 and FL2 channels for detection of the dye monomer and J-aggregate forms, respectively.
Transmission electron microscopy. Nonconfluent HBMEC grown in six-well Costar culture plates were treated with Stx2 (10 ng/ml) for 18 h. The cells were fixed and processed for electron microscopy as previously described (29) . Briefly, the cells were fixed with 2% glutaraldehyde and then with 1% OsO 4 , dehydrated with ethanol, and embedded in Epon. Ultrathin sections were stained with uranyl acetate followed by lead citrate and examined by electron microscopy in a JEM 2000EX instrument (JEOL, Ltd., Tokyo, Japan).
DNA fragmentation analysis of Stx2-treated HBMEC in the presence of caspase inhibitors. HBMEC were pretreated with caspase inhibitors (20 M) for 30 min at 37°C, including a general caspase inhibitor and inhibitors of caspase-1, caspase-2, caspase-3, caspase-6, caspase-8, and caspase-9, before Stx2 (10 ng/ml) treatment. The cells were harvested by centrifugation at 200 ϫ g for 10 min. DNA was extracted according to DNA extraction kit instructions (Sepa Gene, Sankou-jyunyaku Co. Ltd., Tokyo, Japan). Briefly, the cell pellets were lysed with 0.3 ml hypotonic lysing buffer (10 mM Tris, 10 mM EDTA) containing 0.5% Triton X-100, and lysates were centrifuged at 13,000 ϫ g for 10 min to separate fragmented from intact chromatin. The supernatant containing fragmented DNA was transferred to a new microcentrifuge tube, and both pellet (intact DNA) and supernatant (fragmented DNA) were treated with 1 N perchloric acid at 4°C for 30 min. The precipitates were sedimented at 13,000 ϫ g for 20 min. The DNA precipitates were hydrolyzed by heating at 70°C for 10 min in 0.15 ml 1 N perchloric acid. The samples were transferred to the 96-well enzyme-linked immunosorbent assay plate, the A 570 of the dye was measured, and the amount of DNA was quantified using the modified Burton method (5) .
Western blot analysis of Stx2-treated HBMEC. HBMEC were treated with Stx2 (10 ng/ml) for 0, 2, 4, 7, or 10 h. Cells were lysed, and proteins of interest were analyzed by Western blotting. Several caspases, c-FLIP L , and Bid as well as internal control ␤-actin were detected by immunoblotting as previously described by Bitko and Barik (4). Cytosolic cytochrome c was quantified as described by Heibein et al. (13) . Immunodetection was carried out using the ECL detection system (Amersham Pharmacia Biotech, United Kingdom). Protein expression was quantified by a LAS1000 Plus luminescent image analyzer (Fujifilm, Tokyo, Japan).
Cell-free assay using rCasp-6. Cell extracts were freshly prepared from HBMEC as described previously (30) with some modifications. Briefly, nontreated cells were harvested by centrifugation at 1,600 ϫ g for 5 min at 4°C. The cell pellet was washed twice with ice-cold PBS (0.1 M phosphate buffer with 0.15 M NaCl, pH 7.4), followed by a single wash with ice-cold caspase buffer (20 mM PIPES, 100 mM NaCl, 10 mM dithiothreitol, 1 mM EDTA, 0.1% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 250 mM sucrose, pH 7.2). After centrifugation, the cells were resuspended with two volumes of ice-cold complete caspase buffer supplemented with protease inhibitors (100 M phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 2 g/ml aprotinin) and transferred to a 2-ml Dounce homogenizer. The cells were disrupted with 50 strokes of a B-type pestle (Fisher Scientific Ltd., Nepean, ON, Canada). Cell disruption (Ͼ95%) was confirmed by examination of aliquots of a trypan bluestained suspension under a light microscope. The nuclei were removed by centrifugation at 20,000 ϫ g for 10 min at 4°C. rCasp-6 was added to the cell extracts, and extracts were incubated for 0, 15, 30, 45, and 60 min. These fractions were stored at Ϫ80°C until use. The ability of rCasp-6 to cleave caspase-8 and caspase-3 in the cell extracts was analyzed by immunoblotting as described above.
DNA microarray analysis of Stx2-treated HBMEC. At 0, 6, 10, and 19 h after addition of Stx2 (10 ng/ml), HBMEC were harvested as described previously and the total RNA was extracted using the RNAgents total RNA isolation system (Promega, Tokyo, Japan). Microarray experiments using the whole human genome oligonucleotide microarray (44K oligonucleotide DNA microarray; Agilent Technologies, Tokyo, Japan) were performed according to the manufacturer's protocol. The total RNA samples were used for the preparation of Cy5-and Cy3-labeled cDNA probes. A nontreated sample (0 h) was used as the control. The hybridized and washed material on each glass slide was scanned with a DNA microarray scanner (model G2505A; Agilent Technologies). The Feature Extraction and Image Analysis software (Agilent Technologies) was used to locate and delineate every spot in the array and to integrate the intensities, which were then filtered and normalized by using the locally weighted scatterplot smoothing method. Gene clustering analysis was performed with Genespring 7, version 1.1 (Silicon Genetics). The reproducibility of microarray analysis was assessed by two repetitions of dye swap in each experiment. mRNA expression differences between control HBMEC and HBMEC harvested at 6, 10, or 19 h were compared.
qRT-PCR of CHOP in Stx2-treated HBMEC. HBMEC were treated with either Stx1, Stx2, Stx1 R170L , tunicamycin, or etoposide for 0, 4, 7, 10, 13, and 16 h. Treatment of cells with the antibiotic tunicamycin, which prevents the transfer of the oligosaccharide chain from the dolichol-phosphate donor to specific asparagine residues on the nascent polypeptide chain (36) , leads to the accumulation of misfolded nonglycosylated proteins in the ER and induces ER stress. The cells were harvested, and total RNA was extracted. Five micrograms of total RNA of each sample was used to generate cDNA using the ABI high-capacity cDNA archiving kit (Applied Biosystems, Foster City, CA). The oligonucleotides of forward and reverse primers and a TaqMan probe for human CHOP were designed using Primer Express software (Applied Biosystems). The sequences of the oligonucleotides were as follows: human CHOP (GenBank accession number NM_004083) forward primer, 5Ј-CTCTGGCTTGGCTGACTGA-3Ј; reverse primer, 5Ј-GCTCTGGGAGGTGCTTGT-3Ј; reporter probe, CAGAACCAGC AGAGGTC. The real-time PCRs were carried out by following the manufacturer's protocol. Expression of mRNA for CHOP was measured by quantitative reverse transcription-PCR (qRT-PCR) using TaqMan gene expression assays with the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA). On each plate, an endogenous control gene (␤-actin gene) and template-negative controls were also run in duplicate. CHOP mRNA expression was normalized with ␤-actin mRNA.
CHOP mRNA knockdown experiment using siRNA. Two different sequences of small interfering RNA (siRNA) against the CHOP/DDIT3, validated Stealth RNA interference (RNAi) DuoPak (Duplex1, siRNA-CHOP.1; Duplex2, siRNA-CHOP.2), were provided from Invitrogen (Carlsbad, CA). Stealth RNAinegative control duplexes (NC-siRNA; Invitrogen) with GC content similar to that of each duplex siRNA were used as negative controls. Duplex siRNAs were transfected into HBMEC using Lipofectamine RNAiMAX (20 pmol/ml) according to the manufacturer's instructions 24 h prior to adding Stx2 (10 ng/ml). Knockdown of endogenous CHOP mRNA level was confirmed by qRT-PCR analysis as described above. After the transfected cells were incubated with Stx2 (10 ng/ml) for 18 h, immunoblotting was carried out with anti-caspase-3. Moreover, the siRNA-transfected cells were dispensed into 96-well culture plates at a density of 10,000 cells per well and were incubated with different concentrations of Stx2 (0.1 to 1,000 ng/ml) for 18 h. The neutral red cytotoxicity assay was performed to address the influence of CHOP on survival following exposure of cells to Stx2.
Statistical analysis. Basically, the assays were performed in triplicate in three independent experiments. Statistical analysis involved analysis of variance, which was followed by an unpaired of Student's t test and Bonferroni test with SPSS 15.0J. Statistical differences were considered to be significant at a P of Ͻ0.05. Statistical analyses for microarray data were performed using the Feature Extraction and Image Analysis software (Agilent Technologies).
RESULTS
Cytotoxicity of Stxs on HBMEC. HBMEC were incubated with Stx1 or Stx2, and cell viability was assessed by the neutral red assay. Either toxin at 10 ng/ml induced cell death in a time-dependent manner (Fig. 1A) . The cell viabilities follow- (Fig. 1B) . The CD 50 in nonconfluent cells treated with Stx2 was less than 1 ng/ml Stx2, whereas the CD 50 in confluent cells was more than 1,000 ng/ml Stx2. Detection of Gb 3 by Stx1 binding. Similar amounts of cellextracted neutral lipids from RPTEC, HBMEC, and THP-1 cells were loaded onto TLC plates and visualized by a Stx1 overlay assay. Gb 3 expression levels in HBMEC, RPTEC, and THP-1 cells were compared to standards and determined to be 0.4, 1.6, and 1.4 nmol/million cells, respectively (Fig. 2) .
Flow cytometric analysis of exposed PS and of mitochondrial membrane potential. Following exposure of HBMEC to Stx2 for 0, 6, 12, 18, and 24 h, cells were harvested and stained with EGFP-conjugated annexin V for PS detection and with PI for nuclear membrane disruption. Quantification of cell death was analyzed by flow cytometry, as shown in the scatterplot ( Fig. 3A; x axis, FL1/annexin V; y axis, FL2/PI). This assay identifies apoptotic and necrotic cells. Fig. 3A were summarized and quantified as percentages of the total cell population in Fig. 3B . A significant increase in early apoptosis was observed at 12, 18, and 24 h compared to the control (0 h). Late apoptosis was slightly increased in a time-dependent manner. However, the percentage of necrotic cells did not change during the time course. The change in the mitochondrial membrane potential is another marker of apoptotic cells and is detectable by JC-1, a cationic dye that accumulates in the mitochondria. When the mitochondrial membrane is intact, the dye forms aggregates that present as orange fluorescence (FL2), whereas in the damaged membrane a lower dye concentration occurs and the dye remains as a monomer that appears as green fluorescence (FL1). Thus, a population with a high membrane potential is indicated by gate 1 whereas a population with a low membrane potential is indicated by gate 2. The membrane potential is shown to decrease with a shift from gate 1 to gate 2 (Fig. 3C) . The percentages of scatter population are summarized in Fig.  3D . The JC-1 aggregates decrease significantly at 12, 18, and 24 h compared to 0 h, following exposure to Stx2 (Fig. 3D, gate  1 ). This indicates that Stx2 induced a loss of mitochondrial membrane potential in HBMEC. Moreover, there is a correlation in timing between loss of mitochondrial membrane potential (Fig. 3D) and leakage of cytochrome c from mitochondria into the cytoplasm (see Fig. 4D ) after Stx2 exposure.
Electron microscopic analysis. As shown in Fig. 3E , the cells exposed to Stx2 undergo morphological changes including (Fig. 3E, Stx2 ) in the periphery of the nucleus. The cellular apoptosis was also accompanied by cytoplasmic blebs (Fig. 3E, Stx2) . Altered Stx2-induced DNA fragmentation by caspase inhibitors. HBMEC were pretreated with 20 M caspase inhibitors for 30 min at 37°C and exposed to Stx2 (10 ng/ml). Preparation of DNA extracts was performed at 24 h after Stx2 treatment. Fragmented DNA was visualized as a DNA ladder (Fig. 4A) and quantified by the Burton method (Fig. 4B) . A general caspase inhibitor completely blocked formation of the DNA ladder (Fig. 4A, lane 3, and B, Stx2ϩz-VAD-fmk), while specific inhibitors of caspase-1, caspase-3, caspase-6, caspase-8, and caspase-9 partially blocked DNA ladder formation ( Fig.  4A and B) . In contrast, the caspase-2 inhibitor did not significantly decrease DNA fragmentation induced by Stx2 (Fig. 4A  and B) .
Caspase activities and apoptosis-related proteins in Stx2-treated HBMEC. In the presence of Stx2, HBMEC expression of antiapoptotic protein c-FLIP L decreased and disappeared completely at 6 h, followed by cleavage activation of caspase-8, caspase-3, and caspase-6 (Fig. 4C) . It is known that de novo synthesis of c-FLIP L is inhibited by protein synthesis inhibitors including Stxs and cycloheximide (8) . Because c-FLIP L inhibits caspase-8 activity, a decrease in FLIP L enhances the activation of caspase-8. The results suggest that protein synthesis inhibition by Stx2 induced caspase-8 activity in HBMEC (Fig. 4C) , although, in this case, identification of the primary initiator of apoptosis is yet to be established. Nonetheless, activated caspase-8 cleaves full-length Bid to a shorter truncated Bid, tBid, and tBid is known to cause mitochondrial membrane rupture (48) . Thus, the activation of Bid, a proapoptotic Bcl-2 family protein, is a link from the extrinsic pathway to the intrinsic pathway in apoptosis. Indeed, after 6 h of incubation with Stx2, a decrease in the full-length Bid was detected in a time-dependent manner, and this decrease resulted in an increase in tBid (Fig. 4D) . The data indicate that Stx2 induces cleavage of Bid via caspase-8 activation. As a result of Bid activation, release of cytochrome c from mitochondria to the cytoplasm was detected after 12 h, which was also followed by caspase-9 cleavage (Fig. 4D) . The time course of cytochrome c leakage matched the decreased mitochondrial membrane potential detected by JC-1 (Fig. 3D) . Cell-free assay using rCasp-6. Based on the kinetic data of the immunoblotting, we investigated whether caspase-6 could directly cleave caspase-8 in a normal cell extract of HBMEC. The cell extracts without exposure to Stx2 were collected, and rCasp-6 was added to the cell extracts. As early as 15 min after adding rCasp-6, cleaved caspase-8 (43, 41 kDa) was detected, and after 30 min, cleavage of caspase-3 (17 kDa) was detected (Fig. 5) . Thus, caspase-6 may function as an amplifier of the caspase-8-caspase-3-activated system.
DNA microarray and data analysis. To understand the upstream factors of caspase activation induced by Stx2, we analyzed the gene expression profiles of HBMEC treated with Stx2 for 6, 10, or 19 h and compared them to that for untreated control HBMEC. We examined the expression of ϳ44,000 genes using the whole human oligonucleotide microarray 44K. Among the genes that exhibited significantly altered gene expression between the Stx2-treated and untreated control cells, 51 were apoptosis-related genes ( Table 1) . The apoptosis-related genes could be classified into 12 groups, which are shown in Table 1 . Among them, expression of ER stress-related genes such as the C/EBP homologous protein (CHOP/GADD153
[growth arrest and DNA damage-inducible protein 153]) gene increased significantly. The GADD45A, GADD45B, eIF-2AK3 (PERK), CREB5, and IL-8 genes were also significantly upregulated in response to Stx2 in HBMEC. It should be noted that GADD45A and GADD45B were previously associated with DNA arrest of HCT116 cells in S phase (3) and that IL-8 was associated with ribotoxic stress protein kinase c-Jun NH 2 -terminal kinase/stress-activated protein kinase (39) . Also, the eIF-2␣/ATF4 (activating transcription factor 4) signaling pathway is known to play an essential role in the induction of CHOP in ER stress (35) .
Verification of microarray results. The microarray results were further verified using qRT-PCR analyses with the TaqMan probe for CHOP. As shown in Fig. 6 , the Stx1 R170L enzymatic site mutant did not cause an increase in CHOP mRNA expression, whereas native Stx1 or Stx2 caused a 10-fold increase in CHOP mRNA expression compared with Stx1 R170L (P Ͻ 0.05). Tunica- FIG. 6 . Validation of CHOP mRNA expression induced by Stx2 in HBMEC. HBMEC were incubated with Stx1 (10 ng/ml), Stx2 (10 ng/ml), Stx1 R170L (10 ng/ml), tunicamycin (1 g/ml), or etoposide (100 M) for the times indicated. The amount of CHOP mRNA expression was analyzed by qRT-PCR and depicted as the ratio of mRNA expression to Stx1 mRNA expression at 0 h. The error bars indicate the deviations among three independent experiments. ‫,ء‬ P Ͻ 0.05 for Stx1 or Stx2 versus Stx1 R170L or etoposide (unpaired t test). mycin, when used as a CHOP-inducing control, increased CHOP mRNA expression, which peaked at 10 h of incubation. The DNA-damaging topoisomerase II inhibitor etoposide did not induce CHOP mRNA, as reported previously (27) . Etoposide treatment (100 M) for 18 h, known to induce apoptosis, resulted in 29% cell death, as measured by a neutral red assay (data not shown). siRNA knockdown of CHOP. To test the involvement of CHOP-mediated apoptosis induced by Stx2 in HBMEC, CHOP was knocked down by RNAi. HBMEC were serially transfected with duplex siRNA oligonucleotides targeted against CHOP, and the extent of endogenous CHOP depletion was examined. qRT-PCR analysis of mRNA extracted from siRNA-transfected cells revealed a 55% (siRNA-CHOP.1) and 21% (siRNA-CHOP.2) reduction in CHOP transcript levels compared to control cells identically transfected with a nontargeting siRNA oligonucleotide (NC-siRNA) (Fig. 7A) . Knockdown construct siRNA-CHOP.1 produced a significant reduction of CHOP mRNA. These results accurately reflected a concordant reduction in Stx2-induced cleavage of caspase-3 in the CHOP knockdown cells, as measured by immunoblotting (Fig. 7B  and C) . Moreover, siRNA-CHOP.1-transfected cells were resistant to the toxin compared with NC-siRNA-transfected cells (P Ͻ 0.05, unpaired t test) (Fig. 7D) .
DISCUSSION
As we reported previously, HBMEC are most likely a target for Stxs (9, 10) ; thus, we employed HBMEC to demonstrate the direct effect of Stxs on this cell type. Recently, Ergonul et (7) reported that TNF-␣-and Stx1-induced apoptosis in HBMEC was mediated by caspase-3. We also investigated the enhanced cytotoxicity of Stxs with TNF-␣ in the HBMEC. Neutral red assays were performed as described in Materials and Methods, and HBMEC were found to be sensitive to both Stx1 and Stx2 with TNF-␣ (data not shown). In the present study, to investigate whether cell death induced in HBMEC by Stx2 was by apoptosis or necrosis, we focused on five major biochemical features of apoptotic cells, which include (i) extracellular exposure of PS in the early stage of apoptosis, (ii) loss of mitochondrial membrane potential, (iii) DNA fragmentation in the final stage of apoptosis, (iv) activation of a caspase cascade, and (v) morphological changes. The results indicated that the death of HBMEC caused by Stx2 treatment is mostly due to apoptosis, and the caspase-1 inhibitor was shown to significantly reduce the formation of a DNA ladder. A purpose of the present study was to determine the possible origin of Stx-induced apoptosis in human endothelial cells in vitro. We demonstrate here that the enzymatic activity of Stx1 and Stx2 is required for induction of CHOP mRNA expression in HBMEC. It should be noted that CHOP can be activated by the Ire1, PERK, and ATF6 pathways, which are three key components of the ER stress response (45) . Recently Lee et al. reported that Stx1 treatment increased activation of the ER stress sensors IRE1, PERK, and ATF6 in the myelogenous leukemia cell line THP-1 (19) . For HMBEC, further studies will be needed to determine the pathways that activate the CHOP promoter.
Our experiments do not address the possible role of an independent p38 mitogen-activated protein kinase pathway through the Stx2-induced ribotoxic stress response, though this pathway is known to be activated by Stx2 in eukaryotic cells (39) . We have investigated the connection between CHOP and apoptosis, which is thought to be caused by proteins downstream of CHOP. Following siRNA knockdown of CHOP, a concomitant decrease in cleaved caspase-3 was observed. Further studies will be needed to determine how CHOP leads to activation of caspase-3. In the presence of Stx2, HBMEC expression of antiapoptotic protein c-FLIP L decreased at 6 h, followed by cleavage of caspase-8 (Fig. 4C) . c-FLIP L inhibits caspase-8 activity, and a decrease in c-FLIP L enhances the activation of caspase-8 in the death-inducing signaling complex. Initiation of caspase-8 activity could be directly induced by Stx inhibition of protein synthesis, as shown by the decrease in caspase-8 inhibitor c-FLIP L. Activated caspase-8 cleaves fulllength Bid, and the truncated Bid is known to cause mitochondrial membrane rupture (48) . As a result of Bid activation, release of cytochrome c from mitochondria to the cytoplasm was detected after 12 h and was also followed by caspase-9 cleavage. While we observed activation of additional caspases in HBMEC in response to Stx2, the data do not allow one to assign a temporal order of activation of these apoptosis factors. However, exogenous purified caspase-6, when added to HB-MEC lysate, was able to activate caspase-8 (Fig. 5) , suggesting that this may also occur in whole cells.
In summary, we report that E. coli Stx induces CHOP, which interacts with the apoptotic cascade by mediating activation of caspase-3 in HBMEC.
